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Mass mortality events (MMEs) can affect communities through large amounts of
carcass biomass and significant reductions in population sizes. I conducted laboratory
experiments to compare effects of predator and herbivore MMEs on a community using a
study system of convergent lady beetles (Hippodamia convergens), pea aphids
(Acyrthosiphon pisum), and fava beans (Vicia faba). I used a factorial design crossing
input (addition of carcasses) and mortality (removing 75% of the population) of aphids
and lady beetles. Lady beetle mortality reduced the top-down pressure on the aphid
population, which increased aphid abundance and decreased plant height. Input of aphid
carcasses increased aphid abundance. Input and mortality of aphids caused the aphid
population to diminish suggesting that top-down effects of mortality were more
significant than bottom-up effects of carcasses. My results show that MMEs can have
effects through both bottom-up and top-down processes, which is dependent upon who
experiences the MME.
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CHAPTER I
FUNCTIONAL IDENTITY MEDIATES THE NET EFFECTS OF EXPERIMENTAL
MASS MORTALITY EVENTS
1.1

Introduction
Even after death, an individual can continue to affect its community in many ways

(Barton et al. 2013a, Barton et al. 2013b, Gu et al. 2014). The death of an individual can
produce a decomposing carcass, which can have bottom-up effects by providing nutrients
to the soil (Danell et al. 2002, Melis et al. 2007) that indirectly affect plant chemistry,
plant growth (Carter et al. 2007, Yang 2008, Bump et al. 2009), and herbivore abundance
(Bultman et al. 2014). Death also results in the loss of an individual that had previously
provided an ecological function to the community. Thus, changes in a population’s
density can have different top-down effects dependent on the population’s functional role
(Didham et al. 1996). While the effects of death at small scales (e.g., one or few
individuals) have been thoroughly studied (Campobasso et al. 2001, Melis et al. 2004,
Carter et al. 2007, Pechal et al. 2013), relatively little is known about how mass death
will impact communities and ecosystems.
Many ecologists are interested in how communities will be affected by Mass
Mortality Events (MMEs). MMEs are characterized by a large proportion of a population
dying at a significantly high rate relative to their average death rate (Newton 2007, Fey et
al. 2015). MMEs might generate novel direct or indirect effects due to the rapid input of
7

large amounts of biomass and simultaneous decrease in the population’s density (Fey et
al. 2015, Tomberlin et al. 2017, Lashley et al. 2018). The effects of carrion on the
community are expected to increase in magnitude when multiple carcasses are introduced
to the system from MMEs (Tomberlin et al. 2017). For example, increasing the amount
of carcasses biomass has been shown to increase species richness surrounding the
carcasses (Baruzzi et al. 2018, Lashley et al. 2018). Although there is support for a
positive relationship between increased carcass biomass and magnitude of the effects of
carrion on communities (Newton 2007, Baruzzi et al. 2018, Lashley et al. 2018), it is
unknown if a threshold exists for the magnitude of the effects (Tomberlin et al. 2017).
A MME is likely to reduce a population to the point it results in changes in
community interactions, generating indirect effects on other species (Vanni et al. 1990,
Elmqvist et al. 2003). When an individual dies, most populations are large enough to
continue providing the same amount of an ecological function to the community.
Otherwise, it would be common to see changes in community interactions in a single
community on a daily basis. In contrast, the loss of a large proportion of a population
may prevent the remaining individuals of that population from fully compensating
resulting in changes in community interactions (Ripple and Beschta 2006, 2012). While it
is possible that individuals from another species may be able to fill the functional role of
the dead individuals (Barton and Roth 2008, Ellis‐Felege et al. 2012), different species
rarely have identical functional roles (Rosenfeld 2002). As in the case of an MME,
decreasing a population’s density is expected to affect community interactions based on
the ecological function of the population that experienced the event (Duffy et al. 2007).
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MMEs are increasing in frequency and magnitude (Fey et al. 2015), yet little is
known about these events and how they may affect ecological communities. To advance
our understanding of the direct and indirect effects of MMEs, I investigated how MMEs
of predators and herbivores can affect their community and ecosystem properties
including prey abundance, plant growth, plant chemistry, and soil chemistry. I
hypothesized that the net effects of mass mortality events would be determined by the
functional role of the population that experienced the MME. I predicted that MMEs of
populations with different functional roles will have different effects through several
mechanisms, including: 1) carcasses from different functional groups may have different
bottom-up effects, 2) reduction in population sizes with different functional roles may
have different top-down effects, and 3) there may be interactive effects of carcasses and
reduced population sizes on the community. In-situ MMEs are difficult to study due to
their unpredictability (Scorolli et al. 2006, Fey et al. 2015, Kock et al. 2018). To
overcome this barrier, I conducted a mesocosm study of MMEs of predators and
herbivores by using an insect model system of aphids and lady beetles, respectively.
These insects have short generation times, which allowed me to conduct and replicate an
experiment and understand how MMEs of different functional groups may affect
communities.
1.2
1.2.1

Methods
Study System
I conducted experiments using a study system of convergent lady beetles

(Hippodamia convergens) as the predator, pea aphids (Acyrthosiphon pisum) as the
herbivore, and fava beans (Vicia faba) as the primary producer. Fava beans are able to fix
9

atmospheric nitrogen (Köpke and Nemecek 2010) and are a common agriculture crop
used for both protein and energy by consumers (Crépon et al. 2010). Pea aphids are
common herbivores of fava bean plants and other agriculture crops (Cuperus et al. 1982).
Aphids are significant pests in agriculture (Joshi et al. 2010), largely due to their ability
to rapidly increase in population size through parthenogenesis (Wang et al. 1996) and
damage plants by phloem feeding (Cuperus et al. 1982). Aphids can alter plant chemistry
and biomass through herbivory, which can indirectly affect soil chemistry and soil
communities (Seastedt et al. 1988, Wardle et al. 2004a, Wardle et al. 2004b).
Lady beetles are common predators of aphids and often used for biological
control of the pest (Obrycki and Kring 1998, Joshi et al. 2010). Pea aphids are a highquality prey source sought out by convergent lady beetles (Hinkelman et al. 2013). Lady
beetles provide an important ecosystem service by controlling aphid populations through
predation, which can reduce reliance on chemical pesticides to increase crop yield
(Ragsdale et al. 2011). Introducing lady beetles to a system with aphids has been shown
to indirectly increase soil pH, soil carbon content, soil microbial biomass, plant biomass,
and alter root-to-shoot biomass ratios (Wardle et al. 2005). Lady beetles have these
effects by reducing aphid population sizes and by inducing an escape response in the
aphid population that further reduces herbivory (Gish et al. 2010).
1.2.2

Laboratory Colonies
I grew fava bean plants from seeds in enclosures under LED full spectrum

lighting to raise aphids for the experiments. The lights were on a 14:10 light: dark cycle.
Aphids were grown on these plants to use for stocking aphids in experiments, input of
aphid carcasses, and to feed the lady beetles prior to experiments. Live lady beetles were
10

purchased online before each replicated block. I only used male lady beetles in the
experiments to eliminate any variation associated with egg production in females. Male
lady beetles have a concave distal margin on their lower abdomen whereas females are
convex (Figure 1.1) (McCornack et al. 2007). I identified males based on the shape of the
distal margin using a Nikon SMZ745 Zoom Stereo Microscope.
1.2.3

Mass Mortality Experiment

1.2.3.1

Experimental Design
To compare the effects of predator versus herbivore MMEs, I used a blocked

design that crossed mortality (the removal of 75% of either aphids or lady beetles) with
input (the deposition of 0.45 g of either aphid or lady beetle carcasses) for a total of seven
treatment combinations (Figure 1.2). Mixed-species combinations (e.g., lady beetle
removal x aphid input) are unrealistic and therefore excluded from the experiment. The
seven treatments used in the study were (1) a control with no input or mortality, (2)
herbivore input only, (3) herbivore mortality only, (4) herbivore input and mortality, (5)
predator input only, (6) predator mortality only, and (7) predator input and mortality. I
replicated this design six times between February and June 2018.
1.2.3.2

Materials and Timeline

1.2.3.2.1

Setup

Each block began with 14 separate 36L x 23W x 27H cm plastic containers each
with three fava beans planted in approximately 2.6 L of sand. I used sand as the substrate
because it is nutrient poor and likely to increase the detectability of differences in soil
chemistry (Kachi and Hirose 1983). Although the sand was nutrient poor, the seeds
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grown in sand grew the same as the seeds planted in potting soil. I autoclaved all sand at
120.6℃ for 45 min on a liquid cycle within 72 hours before beginning each block to
minimize the effect of microbial communities on soil chemistry.
After planting, the plastic containers were randomized and placed in 36L x 36W x
61H mesh enclosures underneath one LED and two fluorescent full spectrum lights. The
lights were turned on 14:10 light: dark cycle. After adding 0.25 L of water at the time of
planting, I added 0.1- 0.25 L every 3-5 days afterward.
After two weeks, I selected seven containers to be used for the experiment each
with three healthy plants based on height and coloration. Each of the seven containers
were then randomly assigned to individual enclosures and treatment combinations that
represent the experimental unit. I then recorded plant height and placed 15 adult pea
aphids on the plants.
After allowing the aphids to acclimate and reproduce for one week, I recorded
aphid abundance and plant height. Each experimental unit then received eight randomly
selected live adult male lady beetles. Lady beetles were previously satiated by being
placed in individual Petri dishes and fed 20 aphids 48 hours and 24 hours before stocking
in experimental units. The lady beetles never ate all of the aphids. At this time point, all
experimental units had plants, aphids, and lady beetles.
1.2.3.2.2

Experimental Timeline

Four days after introducing the lady beetles, I initiated experimental treatments
(T0). I recorded aphid abundance and plant height, and then I collected two initial soil
samples (0.5 g) at two randomly selected sampling points within the container for each
experimental unit using a grid. Once a sampling point was used, it was not used again for
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future soil samples in the same experimental unit. For all soil samples, the top layer of
soil (approximately 2.5-5.0 mm) was removed with a spatula to prevent inclusion of
insect carcasses, the sample was taken, and the top layer was replaced. The T0 samples
for each block were all combined in a single envelope (7 g total). The soil samples were
dried at 105℃ for 24 hours and then ground to pass through a 0.25-mm (60 mesh) sieve
before using an elemental combustion analyzer (Costech 4010 ECS CHNSO-S elemental
analyzer) to quantify the amount total carbon and nitrogen in the sample. This allowed
me to compare the carbon-to-nitrogen ratio among blocks.
To produce carcasses for the input treatments, insects from laboratory colonies
were placed in the laboratory freezer at -20℃ for 1 hour, and then I evenly spread 0.45 g
of carcasses across the soil. Although the cause of death could have effects on carcass
traits (Campobasso et al. 2001), freezing is a common cause of mortality for insects (Bale
1987) and allowed me to kill insects without adding additional substances (e.g., pesticide,
ethanol, etc.). For mortality treatments, I removed 75% of the designated population. For
mortality of predator treatment combinations, two live male lady beetles were maintained
in experimental units during the duration of the experiment, whereas eight live male lady
beetles were maintained in the other experimental units. After 5 days (T5), I checked
each experimental unit to make sure each maintained the designated amount of live lady
beetles.
The experiment ended after 10 days (T10). I recorded the final plant height and
aphid abundance, and I collected two 5 g (10 g total) soil samples per experimental unit
that were randomly chosen using the grid. Both T0 and T10 soil samples were dried at
105℃ for 24 hours and then ground to pass through a 0.25-mm (60 mesh) sieve before
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using an elemental combustion analyzer (Costech 4010 ECS CHNSO-S elemental
analyzer) to quantify the amount total carbon and nitrogen in the sample. This allowed
me to compare the carbon-to-nitrogen ratios in the soil between treatment combinations. I
also collected the leaves, stems, and roots of each plant, placed each separately into paper
bags, and dried them at 60℃ for 48 hours. This allowed me to record the plant’s dry
weight to compare above-ground, below-ground, ratio of above-ground to below-ground,
and total plant biomass between treatment combinations. The leaves were ground to pass
through a 0.25-mm (60 mesh) sieve for elemental combustion analysis using a Costech
4010 ECS CHNSO-S elemental analyzer to quantify the amount total carbon and nitrogen
in the sample. This allowed me to compare the carbon-to-nitrogen ratios in the leaves
between treatment combinations.
1.2.3.3

Statistical Analysis
All analyses were conducted using R statistical computing environment (R Core

Team 2016). I analyzed how aphid abundance was affected by input, mortality, and their
interaction using a zero-inflated negative binomial model. I selected this model because it
had the lowest AIC value using the function “AIC” from the package MASS (Ripley
2002). A zero-inflated negative binomial model using the function “zeroinfl” from the
package pscl produces a count model to compare the probability of getting a count for
abundance and a zero-inflated model to compare the probability of getting a zero for
abundance (Jackman et al. 2007). Significant results for aphid abundance were
determined with an alpha value of 0.05. Significant results were analyzed using the
estimated marginal means post-hoc test using the function “emmeans” from the package
emmeans (Lenth 2018).
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I analyzed how plant height, plant biomass, leaf carbon-to-nitrogen ratio, and soil
carbon-to-nitrogen ratio were affected by input, mortality, and their interaction using a
two-way Analysis of Variance (ANOVA) using the function “aov” (Heiberger et al.
2017). I transformed the soil carbon-to-nitrogen ratio data by taking the inverse of the
dataset to meet the assumptions of normality. For soil and leaf carbon-to-nitrogen ratios, I
used an alpha value of 0.05. For plant traits, I used a Bonferroni correction (Keppel and
Wickens 2004) and divided the 0.05 alpha value by five. This calculated an alpha value
of 0.01 for plant traits. For plant height, plant biomass, soil carbon-to-nitrogen ratio, and
leaf carbon-to-nitrogen ratio, if the p-value was less than or equal to the designated alpha
value, I tested for differences using Tukey’s Honest Significant Difference test using the
function “TukeyHSD” (Yandell 2017).
1.2.4

Fertilization Experiment

1.2.4.1

Experimental Design
To determine if the input of insect carcasses had an effect on aphid population

growth in the absence of predators, I conducted the fertilization experiment. The
experiment included three treatments with nine replicates: (1) control, (2) input of aphids,
and (3) input of lady beetles. The experiment was conducted during June and July of
2018.
1.2.4.2

Materials and Timeline

1.2.4.2.1

Setup

Each of the 27 experimental units had one 36L x 23W x 27H cm plastic container
with three fava beans planted in approximately 2.6 L of sand. Just like the mass mortality
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experiment, I autoclaved all sand used for the experiment at 120.6℃ for 45 mins on a
liquid cycle within 72 hours of beginning the experiment. I randomized the containers
and placed them beneath one LED and two fluorescent full spectrum lights. The lights
were turned on 14:10 light: dark cycle. After adding 0.25 L of water at the time of
planting, I added 0.1- 0.25 L every 3-5 days afterward.
Two weeks after planting, I selected one healthy plant to keep per experimental
unit based on height and coloration. The other two plants were clipped at the soil surface
and removed. Five adult aphids were added to the plant, which is the same number of
aphids per plant as the mass mortality experiment. A clear plastic cylinder enclosure with
a mesh top and window for air flow was placed over the plant.
1.2.4.2.2

Experimental Timeline

After allowing the aphids to acclimate and reproduce for four days, the
experiment began (T0). I recorded aphid abundance and collected a 1 g soil sample from
each experimental unit. The top layer of soil (approximately 2.5-5 mm) was removed
with a spatula to prevent inclusion of insects, the sample was taken, and the top layer was
replaced. The three 1 g samples from each replicate were placed in an envelope (3 g
total). The soil samples were dried at 105℃ for 24 hours and then ground to pass through
a 0.25-mm (60 mesh) sieve before using an elemental combustion analyzer (Costech
4010 ECS CHNSO-S elemental analyzer) to quantify the amount total carbon and
nitrogen in the sample. This allowed me to compare the carbon-to-nitrogen ratio in the
soil among replicates. I randomly selected insects from laboratory colonies for input
treatments and placed them in the laboratory freezer at -20℃ for 1 hour. A 0.45 g sample
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of the designated insect species was spread evenly across the soil within the cylinder
enclosure for the designated experimental units.
I recorded aphid abundance after 5 days (T5) and 10 days (T10), and I terminated
the experiment at T10. I then collected one 5 g soil sample per experimental unit. All soil
samples collected were dried at 105℃ for 24 hours and ground to pass through a 0.25mm (60 mesh) sieve before using an elemental combustion analyzer (Costech 4010 ECS
CHNSO-S elemental analyzer) to quantify the amount total carbon and nitrogen in the
sample. This allowed me to compare the carbon-to-nitrogen ratios in the soil between
treatments. I then collected the leaves, stems, and roots of each plant, placed each
separately into paper bags, and dried them at 60℃ for 48 hours. I then weighed them to
compare above-ground, below-ground, ratio of above-ground to below-ground, and total
plant biomass between treatment combinations. The leaves were ground to pass through a
0.25-mm (60 mesh) sieve before using an elemental combustion analyzer (Costech 4010
ECS CHNSO-S elemental analyzer) to quantify the amount total carbon and nitrogen in
the sample. This allowed me to compare the carbon-to-nitrogen ratios in the leaves
between treatments.
1.2.4.3

Statistical Analysis
I analyzed how aphid abundance at T5 and at T10 was affected by input using a

generalized linear model with the function “glm” with a Negative Binomial distribution
(McCullagh and Nelder 1989). I selected this model to use at both timepoints because it
had the lowest AIC value using the function “AIC” from the package MASS (Ripley
2002). Because I conducted two comparisons of aphid abundance, I used a Bonferroni
correction (Keppel and Wickens 2004) and divided the 0.05 alpha value by two to
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calculate an alpha value of 0.025. Model results with p ≤ 0.025, were tested for
differences with a general linear hypotheses test by using the function “glht” from the
package multcomp (Westfall 2008).
I analyzed how plant biomass, leaf carbon-to-nitrogen ratio, and soil carbon-tonitrogen ratio were affected by input using a one-way ANOVA with the function “aov”
(Heiberger et al. 2017). For soil and leaf carbon-to-nitrogen ratios, I used an alpha value
of 0.05. Because I conducted four comparisons of plant biomass, I used a Bonferroni
correction (Keppel and Wickens 2004) and divided the 0.05 alpha value by four. This
calculated an alpha value of 0.0125 for plant biomass. For plant biomass, soil carbon-tonitrogen ratio, and leaf carbon-to-nitrogen ratio, if the p-value was less than or equal to
the designated alpha value, I tested for differences using Tukey’s Honest Significant
Difference test using the function “TukeyHSD” (Yandell 2017).
1.2.5
1.2.5.1

Predation on Carcasses Experiment
Experimental Design
I conducted another experiment to determine if lady beetles would eat aphid

carcasses and if lady beetles prefer to consume live or deceased aphids. This experiment
had three treatments with 15 replicates: (1) live aphids only, (2) dead aphids only, (3)
dead and live aphids combined.
1.2.5.2

Materials and Timeline
I fed lady beetles 20 aphids 48 hours before the experiment and then starved them

for 24 hours before the experiment. I used a replacement design in which each lady beetle
was presented with 10 aphids in a Petri dish, but treatments differed in the number of live
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or dead aphids. Treatment 1 had live aphids only and received 10 live adult aphids.
Treatment 2 had dead aphids only and received 10 dead adult aphids that had been placed
in the laboratory freezer at -20℃ for 1 hour. Treatment 3 was the combined treatment and
received 5 dead adult aphids that had been placed in the laboratory freezer for 1 hour and
5 live adult aphids. After 2 hours, I recorded the number of aphids consumed of each
type.
1.2.5.3

Statistical Analysis
I analyzed the number of aphids consumed by treatment type using a generalized

linear model with the function “glm” with a Poisson distribution (McCullagh and Nelder
1989). I selected this model because it had the lowest AIC value using the function
“AIC” from the package MASS (Ripley 2002). I used an alpha value of 0.05, and if the
results had a p ≤ 0.05, it was tested for differences using general linear hypotheses test
using the function “glht” from the package multcomp (Westfall 2008).
1.3
1.3.1

Results
Mass Mortality Experiment
The zero inflated negative binomial model for aphid abundance (DF = 11, AIC =

290.48) was determined by selecting the model with the lowest AIC value (Table 1.1).
Significant differences for aphid abundance (Figure 1.3) were detected in the zero
inflated negative binomial model (Table 1.2). The estimated marginal means post-hoc
test (Table 1.3) did show significant differences. Lady beetle mortality increased aphid
abundance compared to the control (p = 0.0102, z = -2.907) and compared to aphid
mortality treatment combinations (p = 0.0102, z = -2.907). The input of aphid carcasses
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did affect aphid abundance compared to the combination of aphid input and mortality (p
= 0.037, z = 2.085) showing an interaction effect of input and mortality on aphid
abundance.
Results from the two-way ANOVA test did not reveal any significant differences
for plant height (p > 0.01, Table 1.5, Figure 1.4), above-ground plant biomass (p’s >
0.01; Table 1.4, Figures 1.5A), below-ground plant biomass (p’s > 0.01; Table 1.4,
Figures 1.5B), ratio of above-ground to below-ground plant biomass (p’s > 0.01; Table
1.4, Figures 1.5C), total plant biomass (p’s > 0.01; Table 1.4, Figures 1.5D). Although
insignificant, plant height appeared to be affected by which functional group experienced
the mortality event (F2,119 = 4.25, p = 0.016). Results from the two-way ANOVA test did
not reveal any significant differences for leaf chemistry (p > 0.05; Table 1.6, Figure 1.6)
or soil chemistry (p’s > 0.05; Table 1.6, Figures 1.7), but the leaf carbon-to-nitrogen ratio
trended to be affected by mortality (F2,35 = 2.66, p = 0.083).
1.3.2

Fertilization Experiment
The generalized linear model with a negative binomial distribution for T5 (DF =

4, AIC = 307.78) and T10 (DF = 3, AIC = 384.86) were determined by selecting the
model with the lowest AIC value (Table 1.7). Aphid abundance was significantly affected
by input of carcasses at T5 (Table 1.8, Figure 1.8) and T10 (Table 1.8, Figure 1.9). The
general linear hypothesis test results showed that the input of aphid carcasses
significantly affected aphid abundance after 5 days (z = 4.38, p = <0.001) as did lady
beetle carcasses (z = 3.11, p = 0.005). Type of carcass was not significantly different at
T5 (z = -1.26, p = 0.41). The general linear hypothesis test at T10 showed that input of
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aphid carcasses affected aphid abundance after 10 days (z = 2.91, p = 0.010) but not input
of lady beetle carcasses (z = 1.32, p = 0.37).
Results from the one-way ANOVA tests did not reveal any effects of input of
carcasses on above-ground plant biomass (F2,24 = 0.69, p = 0.51; Table 1.9, Figures
1.10A), below-ground plant biomass (F2,24 =1.22, p = 0.31; Table 1.9, Figures 1.10B),
ratio of above-ground to below-ground plant biomass (F2,24 = 0.84, p = 0.44; Table 1.9,
Figures 1.10C), or total plant biomass (F2,24 = 1.11, p = 0.34; Table 1.9, Figures 1.10D).
Results from the one-way ANOVA tests for the effects of input of carcasses did not
reveal any significant differences for leaf chemistry (F2,24 = 1.37, p = 0.27 Table 1.10,
Figure 1.11). Although not statistically significant, one-way ANOVA test results showed
that input of carcasses trended to have an effect on soil carbon-to-nitrogen ratio (F2,24 =
2.97, p = 0.069, Table 1.10, Figure 1.12).
1.3.3

Predation on Carcasses Experiment
The general linear model with a Poisson distribution (DF = 3, AIC = 142.73) was

determined by selecting the model with the lowest AIC value (Table 1.11). The
experiment showed that lady beetles will eat deceased aphids, and the model results
showed that there were significant differences in the number of aphids consumed by lady
beetles among the treatments (p < 0.05; Table 1.12, Figure 1.13). The results of the
general linear hypothesis test (Table 1.13) showed that lady beetles eat less when only
dead aphids are available (z = -2.34, p = 0.049). Although not statistically significant, the
results showed that lady beetles tend to eat less when both dead and live aphids are
present (z = -2.19, p = 0.072).
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1.4

Discussion
My results show that MMEs of populations from different functional groups

generate different top-down effects. Mortality of predators increased prey abundance and
decreased plant growth whereas mortality of herbivores caused the population to go
extinct. Interestingly, there were also different bottom-up effects generated by the input
of carcasses from the two different functional groups. Input of herbivore carcasses
increased herbivore abundance, and the effects of input of herbivores diminished when
combined with herbivore mortality showing an interaction effect of input and mortality of
herbivores. No effects were shown with input of predator carcasses. These results
demonstrate that MMEs can produce bottom-up and top-down effects in a community,
and the effects differ among functional groups. Thus, the results of these experiments
support the hypothesis that the effects of mass mortality events cannot be generalized
across all functional groups.
Studies have shown that altering soil nutrient content and microbial diversity can
affect herbivore abundance (Jansson and Smilowitz 1986, Kytö et al. 1996, Koricheva et
al. 2009, Hol et al. 2010). Carcasses are similar to this in that they create bottom-up
effects by providing limiting nutrients and microbes, subsequently altering plant
nutritional quality and indirectly affecting population growth of herbivores (Kytö et al.
1996, Cederholm et al. 1999, Ostfeld and Keesing 2000, Wipfli et al. 2010, Bultman et al.
2014). Input of aphid carcasses did affect herbivore abundance in the mass mortality
experiment, but lady beetle carcasses did not have an effect (Figure 1.3). In the
fertilization experiment, aphid carcasses had an effect on aphid abundance at 5 and 10
days, but lady beetle carcasses only had an effect at 5 days after deposition (Figure 1.8
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and 1.9). Both carcass types created a nutrient pulse that indirectly led to an increase in
aphid abundance, but the length of the pulse differed between the two carcass types.
Differences in carcass chemistry can produce different bottom-up effects (Hawlena et al.
2012), and Order Hemiptera (aphids) are on average composed of more protein,
carbohydrates, and fat than Order Coleoptera (lady beetles) (Xiaoming et al. 2010, Van
Huis et al. 2013). Therefore, it is possible that differences in the composition of lady
beetles and aphids resulted in different effects on aphid abundance. Alternatively, the rate
of decomposition differs among species (Campobasso et al. 2001, Carter et al. 2007,
Matuszewski et al. 2014), and differing decomposition rates in lady beetles and aphids
could explain the different bottom-up effects on aphid abundance. Carcasses from
different functional groups did have different effects on herbivore abundance in my
experiments, and the hypotheses to explain my results need to be further investigated.
Carcasses can indirectly affect live prey by reducing predation rates if predators
facultatively scavenge (Cortés-Avizanda et al. 2009, Von Berg et al. 2012, Moleón et al.
2014). The predation on carcasses experiment provided evidence that lady beetles will
facultatively scavenge aphid carcasses (Figure 1.13). In the mass mortality experiment,
the aphid carcasses may have released the top-down pressure on the aphid population by
providing a more accessible food source for the lady beetles. Although the lady beetles
did facultatively scavenge, they also ate less when dead aphids were present. Some
predators will avoid carcasses following risk assessment (Selva et al. 2005). The lady
beetles may have perceived risk when aphid carcasses were present lowering overall
consumption, but this hypothesis remains untested. The increase in aphid abundance due
to input of aphid carcasses in the mass mortality experiment may be due to a pulse of
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nutrients from the carcasses or facultative scavenging of the carcasses by the predators.
This result may be influenced by both top-down and bottom-up mechanisms (Hoekman
2011) and needs to be further investigated to understand the true impact that carcasses
from MMEs will have on communities.
My results demonstrated that mortality can affect community interactions, and
this is not surprising because multiple studies have shown that removal of predators can
have multiple effects on prey and (Terborgh et al. 2001, Kilgo et al. 2014) plant
populations (Dial and Roughgarden 1995, Dulvy et al. 2004, Estes et al. 2011). Theory
and empirical evidence from other studies show that the removal of herbivores would
generally affect plants (Gehring and Whitham 1995, Ritchie et al. 1998, Yelenik and
Levine 2010, Post 2013), but I found no effects of herbivore mortality on the community
(Figure 1.3). My results support evidence that top-down effects from predators compared
to other functional groups have a significant influence on community dynamics (Ngai and
Srivastava 2006).
Combining both input and mortality of herbivores caused the remaining
population to go extinct compared to input only (Figure 1.3). Allee effects can cause
populations to go extinct following MMEs (Bradford 1991, Lande 1993, Fey et al. 2015),
but allee effects do not explain why the aphid population went extinct following mortality
because aphids are parthenogenetic (Wang et al. 1996). Aphid carcasses can create
bottom-up effects that lead to increased aphid abundance, but the top-down pressure from
the predators following herbivore mortality may have caused the herbivore population to
go extinct. My experiments provide compelling evidence that the top-down effects that
arise from reduced abundances following MMEs may be more important to
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understanding the net effect of an MME than the bottom-up effects of carcass nutrients.
Previous in situ MMEs have also altered population abundances through top-down
effects, which can lead to trickledown effects throughout the food web (Lessios et al.
1984, Myers et al. 2007), more mass mortality events (Dulvy et al. 2004, Wilson and
Wolkovich 2011), and extinction (Bradford 1991, Lande 1993). Although maintaining
predator diversity needs to be a priority (Duffy 2003), the key to maintaining community
interactions, biodiversity, and ecosystem functions following MMEs may be to aim
conservation efforts on maintaining diversity within all trophic levels (Duffy et al. 2007,
Duffy 2009).
Previous work has focused on the impacts of carrion or the removal of consumers,
but little is known about the combined effects of simultaneous carrion input and
removals. My work advances our general understanding of the nuanced effects of death
in ecosystems by demonstrating different net effects in response to removal of functional
groups, input of carcasses, and their interaction. These interactions are likely to be
important in other systems, therefore focusing on each factor individually may limit our
understanding of the ecology of death. As MMEs increase in frequency, ecologists will
be tasked with the mission to understand and predict the effects of these events. My work
suggests that generalizing the effects of MMEs across all species and functional groups
may be difficult. However, my experiments also demonstrated that top-down effects may
be more important than bottom-up effects. Further investigation of MMEs of differing
functional groups will be essential to determine if these conclusions are generalizable to
field conditions and non-insect systems.
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Table 1.1

Model selection for aphid abundance analysis for the mass mortality
experiment

Model
Poisson
Negative Binomial
Zero-inflated
Hurdle

Table 1.2

DF
7
8
11
11

AIC
13703.036
304.39
290.49
289.99

Results from the zero-inflated negative binomial model testing the effects
of mortality and input on aphid abundance in the mass mortality
experiment

Type

Comparison

Estimate

Count
Model

Input of Lady Beetles
No Input
Mortality of Lady Beetles

0.27
-0.24
8.078

No Mortality
8.19
ZeroInput of Lady Beetles
4.59
inflated No Input
3.81
Model
Mortality of Lady Beetles
-4.58
No Mortality
-0.39
Significant results are marked with an asterisk (*).
Table 1.3

Comparison

Standard
Error
1.22
1.055
1.87

Z Value

P-Value

0.22
-0.22
4.31

0.82
0.81
<0.001*

1.51
1.76
1.56
3.79
3.65

5.45
2.61
2.45
-1.21
-0.11

<0.001*
0.008*
0.014*
0.22
0.91

Significant results from the estimated marginal means test that tested the
effects of mortality and input on aphid abundance in the mass mortality
experiment
DF

Estimate

Standard
Error
1.91e+02

Z Value

P-Value

Control vs.
Inf -556.33
-2.907
0.0102 *
Mortality of Lady Beetles
Mortality of Aphids vs.
Inf -556.33
1.91e+02
-2.907
0.0102*
Mortality of Lady Beetles
Input of Aphids vs.
Inf 591.38
283.65
2.085
0.037*
Input and Mortality of Aphids
Only significant results are included in this table due to the number of comparisons made
in the test. Significant results are marked with an asterisk (*).
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Table 1.4
Type

Results from the two-way ANOVA testing the effects of mortality and
input on plant biomass in the mass mortality experiment

Sum of
Mean of F- Statistic P-Value
Squares
Squares
AG
Input
2
0.21
0.11
1.62
0.21
Mortality
2
0.39
0.19
2.99
0.054
Interaction 2
0.025
0.012
0.19
0.82
BG
Input
2
4.73
2.36
1.24
0.29
Mortality
2
1.43
0.71
0.37
0.68
Interaction 2
0.25
0.12
0.066
0.93
R
Input
2
0.17
0.086
1.74
0.17
Mortality
2
0.12
0.061
1.23
0.29
Interaction 2
0.047
0.023
0.47
0.62
T
Input
2
3.40
1.69
0.81
0.44
Mortality
2
3.21
1.61
0.76
0.46
Interaction 2
0.24
0.12
0.058
0.94
Significant results are marked with an asterisk (*). Legend: above-ground biomass (AG),
below-ground biomass (BG), ratio of AG and BG (R), and total plant biomass (T).
Table 1.5
Type

Comparison DF

Results from the two-way ANOVA testing the effects of mortality and
input on plant height in the mass mortality experiment

Sum of
Mean of
Squares
Squares
Plant
Input
2
18
9.2
Height Mortality
2
683
341.5
Interaction 2
427
213.3
Significant results are marked with an asterisk (*).
Table 1.6
Type

Comparison DF

F- Statistic

P-Value

0.11
4.25
2.66

0.89
0.016
0.074

Results from the two-way ANOVA testing the effects of mortality and
input on leaf and soil chemistry in the mass mortality experiment
Comparison

DF

Sum of
Squares
Leaves:
Input
2
2.65
carbon-toMortality
2
5.38
nitrogen ratio
Interaction
2
1.89
Soil:
Input
2
<0.001
carbon-toMortality
2
<0.001
nitrogen ratio
Interaction
2
<0.001
Significant results are marked with an asterisk (*).
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Mean of
Squares
1.32
2.69
0.94
2.044e-04
1.74e-05
1.64e-05

F- Statistic

P-Value

1.31
2.66
0.93
1.59
0.13
0.12

0.28
0.083
0.41
0.21
0.87
0.88

Table 1.7
Time Point
T5
T10

Table 1.8

Time
Point
T5

T10

Model selection for aphid abundance analysis for the fertilization
experiment
Model
Poisson
Negative Binomial
Poisson
Negative Binomial

DF
3
4
4
3

AIC
681.49
307.78
2465.27
384.86

Results from the generalized linear model with a negative binomial
distribution and from the general linear hypothesis test that tested the
effects of input of carcasses on aphid abundance in the fertilization
experiment

Test Type

Comparison

Z-value

P-Value

AI

Estimate Standard
Error
0.63
0.14

Negative
Binomial
Model

4.38

<0.001*

LI

0.45

0.14

3.11

0.002*

General
C vs. AI
Linear
Hypothesis C vs. LI
Test
AI vs. LI

0.63

0.14

4.38

<0.001*

0.45

0.14

3.11

0.005*

-0.18

0.14

-1.26

0.41

Negative
Binomial
Model

AI

0.42

0.14

2.91

0.003*

LI

0.19

0.14

1.32

0.18

0.42

0.14

2.91

0.010*

0.19

0.14

1.32

0.37

-0.23

0.14

-1.58

0.25

General
C vs. AI
Linear
Hypothesis C vs. LI
Test
AI vs. LI

Significant results are marked with an asterisk (*). Legend: Control (C), Aphid Input
(AI), and Lady Beetle Input (LI).
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Table 1.9

Results from the one-way ANOVA testing the effects of input of carcasses
on plant biomass in the fertilization experiment

Type Comparison

DF Sum of Mean of F- Statistic P-Value
Squares Squares
AG
Among Treatments 2
0.053
0.026
0.69
0.51
BG
Among Treatments 2
7.26
3.62
1.22
0.31
R
Among Treatments 2
0.055
0.027
0.84
0.44
T
Among Treatments 2
7.12
3.55
1.11
0.34
Significant results are marked with an asterisk (*). Legend: above-ground plant biomass
(AG), below-ground plant biomass (BG), ratio of AG and BG (R), and total plant
biomass (T).

Table 1.10
Type

Results from the one-way ANOVA testing the effects of input of carcasses
on leaf and soil chemistry in the mass mortality experiment
Comparison

DF Sum of Mean of
Squares Squares
2
2.51
1.25

Leaves:
Among
carbon-toTreatments
nitrogen ratio
Soil:
Among
2
63.05
31.52
carbon-toTreatments
nitrogen ratio
Significant results are marked with an asterisk (*).
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F- Statistic

P-Value

1.37

0.27

2.97

0.069

Table 1.11

Model selection for aphid consumption analysis for predation on carcasses
experiment

Model
Poisson
Zero-inflated

DF
3
7

AIC
142.73
150.19

Hurdle

7

149.96

Table 1.12

Results of the generalized linear model with a Poisson distribution testing
the effects of dead aphids on lady beetle consumption in the predation on
carcasses experiment

Comparison
Estimate Standard Error
Combined
-0.61
0.27
Dead Only
-0.66
0.28
Significant results are marked with an asterisk (*).
Table 1.13

t-value
-2.19
-2.34

P-Value
0.034*
0.023*

Results of the general linear hypothesis test that tested for differences in the
number of aphids consumed by lady beetles in the predation on carcasses
experiment

Comparison
Estimate
Standard Error
Combined vs. Alive -0.61
0.27
Dead vs. Alive
-0.66
0.28
Dead vs. Combined -0.054
0.32
Significant results are marked with an asterisk (*).
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Z-value
-2.19
-2.34
-0.16

P-Value
0.072
0.049*
0.98

A

Figure 1.1

B

How to identify convergent lady beetles as male or female based on the
distal margin. (A) represents a female and (B) represents a male.

The arrow in each picture is pointing to the distal margin to show the difference between
the male and the female.
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Figure 1.2

Block design of mass mortality experiment

The design crosses input and mortality of predators and herbivores to compare how the
factors of mass mortality events individually and combined of different functional groups
affect communities. Legend: control (1), aphid input (2), lady beetle input (3), aphid
mortality (4), aphid input and mortality (5), lady beetle mortality (6), lady beetle input
and mortality (7).
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Figure 1.3

Average aphid abundance per treatment combination for the mass mortality
experiment

Ten days after experimental mass mortality, I counted the number of aphids in each
enclosure to get the average number of aphids per treatment combination. The addition of
aphid carcasses to the soil and mass mortality of the lady beetle population significantly
affected aphid abundance. Legend: Control (C), Aphid (A), Lady beetle (L), Input (I),
and Mortality (M).
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Figure 1.4

Average plant height per treatment combination in the mass mortality
experiment

Ten days after experimental mass mortality, I recorded the height of each plant in each
enclosure. No significant differences were shown, but mortality did trend to affect plant
height. Legend: Control (C), Aphid (A), Lady beetle (L), Input (I), and Mortality (M).
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Figure 1.5

Average plant biomass per treatment combination for the mass mortality
experiment.

Plot (A) represents above-ground biomass, plot (B) represents below-ground biomass,
plot (C) represents ratio above-ground-to-below-ground biomass, and plot (D) represents
total plant biomass. Ten days after experimental mass mortality, I collected the plants
from each enclosure, dried the plants, and recorded their biomass. No significant
differences were shown for plant biomass. Legend: Control (C), Aphid (A), Lady beetle
(L), Input (I), and Mortality (M).
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Figure 1.6

Average leaf carbon-to-nitrogen per treatment combination for the mass
mortality experiment

Ten days after experimental mass mortality, I collected the leave from each enclosure,
dried them, and used elemental combustion analysis to analyze the amount of carbon and
nitrogen in the leaves. No significant differences were shown among treatment
combinations. Legend: Control (C), Aphid (A), Lady beetle (L), Input (I), and Mortality
(M).
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Figure 1.7

Average soil carbon-to-nitrogen ratio per treatment combination for the
mass mortality experiment

Ten days after experimental mass mortality, I collected soil from each enclosure, dried it,
and used elemental combustion analysis to analyze the amount of carbon and nitrogen in
the soil. No significant differences were shown among treatment combinations. Legend:
Control (C), Aphid (A), Lady beetle (L), Input (I), and Mortality (M).
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Figure 1.8

Average aphid abundance per treatment at T5 from the fertilization
experiment

Five days after the addition of carcasses to the soil, I counted the number of aphids in
each enclosure to get the average number of aphids per treatment. The addition of aphid
carcasses and lady beetle carcasses to the soil significantly affected aphid abundance
compared to the control. Legend: Control (C), Aphid Input (AI), and Lady Beetle Input
(LI).
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Figure 1.9

Box and whisker plot of aphid abundance per treatment at T10 from the
fertilization experiment.

Ten days after the addition of carcasses to the soil, I counted the number of aphids in
each enclosure to get the average number of aphids per treatment. After ten days, only the
addition of aphid carcasses significantly affected aphid abundance compared to the
control. Legend: Control (C), Aphid Input (AI), and Lady Beetle Input (LI).
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Figure 1.10

Average plant biomass per treatment for the fertilization experiment.

Plot (A) represents above-ground biomass, plot (B) represents below-ground biomass,
plot (C) represents ratio above-ground-to-below-ground biomass, and plot (D) represents
total plant biomass. Ten days after the addition of carcasses to the soil, I collected the
plant from each enclosure, dried the plant, and recorded the biomass. No significant
differences were shown for plant biomass. Legend: Control (C), Aphid Input (AI), and
Lady Beetle Input (LI).
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Figure 1.11

Average leaf carbon-to-nitrogen ratio per treatment for the fertilization
experiment

Ten days after the addition of carcasses to the soil, I collected the leave from each
enclosure, dried them, and used elemental combustion analysis to analyze the amount of
carbon and nitrogen in the leaves. No significant differences were shown among
treatments. Legend: Control (C), Aphid Input (AI), and Lady Beetle Input (LI).
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Figure 1.12

Average soil carbon-to-nitrogen ratio per treatment for the fertilization
experiment

Ten days after the addition of carcasses to the soil, I collected soil from each enclosure,
dried it, and used elemental combustion analysis to analyze the amount of carbon and
nitrogen in the soil. No significant differences were shown among treatments. Legend:
Control (C), Aphid Input (AI), and Lady Beetle Input (LI).
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Figure 1.13

Average number of aphids consumed per treatment for the predation on
carcasses experiment

Lady beetles were fed either live, deceased, or a combination of live and deceased aphids
to determine if lady beetles will eat dead aphids and to determine if lady beetles have a
preference between the live and deceased aphids. The experiment showed that lady
beetles will eat deceased aphids, but lady beetles eat less when deceased aphids are
present. Legend: only live aphids present (alive), both live and dead aphids present
(combined), and only dead aphids present (dead).
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